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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMCRANDUM

EFFECT OF SLIDING VELOCITY ON FRICTION PROPERTIES AND ENDURANCE
LIFE OF BONDED LEAD MONOXIDE COATINGS
AT TEMPERATURES UP TO 1250° F

By Harold E. Sliney

SUMMARY

Studies were made to determine the effect of sliding velocity and
ambient temperature on the friction properties and endurance life of
thin lead monoxide (PbO) coatings bonded to type 440-C martensitic stain-
lese steel. ZFriction coefficlente were determined at ambient tempera-
tures from 75° to 1250° F with sliding veloclties ranging from 6 to
10,000 feet per minute. ZEndurance life was determined over the same
temperature range at sliding velocltles of 350 and 2400 feet per minute.
For reference, bonded molybdenum sulfide {(MoSg) coatings were run as a
standerd at a sliding velocity of 350 feet per minute and temperatures
of 75° and 500° F.

In genersl, the friction coefficilent of PO decressed with increas-
ing anbient temperature and sliding velocity. Endurance life incressed
with increasing temperatures to 1000° F but decreased slightly at
1250° F. Since the coating material begins to melt at sbout 1320° F,
the ambient temperature in this investigation was limited to 1250° F.

INTRODUCTION

A serious lubrication problem has resulted from the ever-incresasing
temperatures at which many aircraft end missile components asre required
to operate. This problem has stimuleted reseaerch with solid lubricants
capable of reducling the friction snd wear of metal surfaces in sliding
contact at high ambient temperatures.

Previous NACA Lewis research on bonded lead monoxide coatings for
use as high-temperature dry-film Jubricants is described in reference 1.
The costings were applied by fusing mixed lead monoxide (Pb0O) and silica
(SiOz) powders to steel surfaces in a menner simdlar to that employed in

applying ceramic enamels. The effects of coating composition, coating
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thickness, and ambient temperature were studied. Coatings were found
that, at a sliding velocity of 430 feet per minute, provided good lubri-
cating properties and endurance lives from 500° to 1250° F.

Reference 1 indicates that good lubricetion is related to the forme-~
tlion of glezed wear tracks when high surface temperatures are generated
in the zone of s8liding. Two variables that have a direct effect—on the
averege surface temperature are smblent tempersture and sliding velocilty.
Accordingly, in the present study, composition and thickness were held
constant, and the controlled varilables were sliding velocity and amblent

temperature.

This Investigetion was conducted to determine the comblned effects
of ambient tempersature and sliiding velocity on the lubricating proper-
ties of one of the more promising coating compositions of reference-l.
The coefficlent of friction was determined from 75° to 1250° F over a
range of sliding velocities from 6 to 10,000 feet per minute. Endursance
life was determined over the same temperature range at sliding velocitles
of 350 and_2400 feet per minute.

APPARATUS AND MATERTALS
Apperatus

The apparatus used for low sliding velocities (6 f£t/min) is de-
scrlbed in reference 2. The apparatus used for high sllding velocltles
(2400 to 10,000 ft/min) is described in reference 3. The apparatus used
for all erdurance tests and for friction tests at medium sliding veloc-
ities (300 to 2400 ft/min) has not been described in previous reports
end. is shown in figure 1. The disk speclmen was fastened to the end of
a rotating shaft driven by an electric motor through a pulley and belt
drive. 8liding velocities were varied by changing pulley ratios and
wear-track dlameters. The rider specimen was mounted In the base of a
stainless-steel pot, around which two 750-watt—half-shell heaters were
mounted to serve as a furnace. The furnace assembly was mounted on &
rolling-contact thrust bearing supported through a vertical loading
shaft. ILoading weas accomplished by flrst lowering the disk until it
contacted the rider and then applying a normal upwsard force to the loed-
ing shaft by meane of a lever system. Frictlon between the rotating disk
apd the rider tended to rotete the entire furnace assenbly on the thrust
bearing; this rotation was restralned through a linkage by a dynemometer
ring. Friction force was messured with four straeln gages attached to

the dynamometer ring.

1TR%
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Materiels

The rider specimens were cast Inconel with initial room-temperature
hardnesses of Rockwell B-75 to 80. Each rider was cylindrical (3/8-in.
diam. and 3/4-in. length)} with a hemispherical tip (3/16-in. rad.) ground
on one end. The disk specimens to which the coatlings were bonded were
type 440-C mertensitic stainless steel. For sliding velocities up to
2400 feet per minute, the disks had 2.5-inch diasmeters snd were 0.5-inch
thick; for higher sliding wvelocitles, the disks had 13-inch dlameters
and were also 0.5-inch thick. Before the coatlngs were applied, the
plane surfaces of each disk were ground flst and parallel within
0.0005 inch.

The coatings evaluated 1n these experiments were prepared from
mixed PbO and Si0Op powders. Both oxides were certified reagent grades

with perticle sizes of less than 200 mesh.

PROCEDURE

Coating

The detalls of the cosating procedure are reported in reference 1.
In general, & thin layer of dry mixed powder consisting of 95 percent
PbO and 5 percent SiOz (by weight) wee dusted onto the flat surfaces of
type 440-C stainless-steel disks, which were then placed in a furnace
at 1650° F until the powder melted and formed a uniform molten £ilm.
The disks were removed from the furnace, placed on & water-cooled steel
block, and cooled in room air. The coatings were finish ground to the
desired thickness on & surface grinder wilth sbrasive wheels of alumina
with a vitrified bond, sbout a 46 grit and a K or J hardness. Peripheral
wheel speed was gbout 4500 feet per minute; 0.0005 to 0.0002 inch of
coating material was removed per cut. The surfaces were flooded with a
coolant during grinding.

The phase dlagram for the PbO-810s eystem indicates that a melt
containing 5 percent by weight S102 and a balance of Pb0 would, upon
cooling to room temperature, result in a two-phase structure with an
equilibrium composition of 75 percent by welght tetralead silicate and
a balance of free PbO (ref. 4). The actual coatings probsbly approximated
thls composition but were complicated by nonequilibrium cooling and by
the presence of dbout 5 percent iron oxide (Fe304), which was formed by

oxidation of the base metal during firing of the specimen at 1650° F.
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Cleaning

Prior to each test, both rider and dlsk specimens were cleaned
according to the following procedure:

(1) wash with acetone

(2) Scrub riders with levigated alumina*(this step was omitted in
cleaning coated disks to avoid embedding alumins particles)

(3) Wash in tap water
(4) Wash in distilled water
(5) Wash in S5-percent ethyl alcohol o

(6) Dry in room air

Experimental Testing

The friction properties of the coatings at varicus temperatures and
8liding veloclties were determined as follows: Temperature and load were
held constant during each run. Friction was measured at each sliding
veloclity for a period of time sufficient to obtain representative values
(usually 5 to 15 mid). The sliding velocity was then increased, and the
friction was again determined. This procedure was repeated until the
maximum sliding velocities were cobtained. The test was then repested
with new specimens by starting at the highest sliding velocities and in-
crementally decreasing the speed. Speed was varied in hoth directions
and with separete sets of specimens to determine whether the prilor sliding
history of the specimens would have an effect on the friction properties
in this type of test. No appreciable differences were noted under the
condltions studied.

All tests, other than endurance, were run with the specimens under
a8 normal load of 1 kilogram. A 2-kilogram load was used in the endurance
experiments to reduce the time requlred for failure of the coatings. In
some endurance tests, the full 2-kilogram load was applied at the begin-
ning of the run. In others, the specimens were run in at incrementally
. increased loads according to the following loading sequence: 2 minutes
each at 200, 400, 600, 1000, and 1600 grams, and, finslly, the balance
of the test at 2000 grems. The two methods of losding were used in order
to study the effect of run-in on the endurance properties of the coatiugs.

L18%
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RESULTS
Effect of Sliding Velocity and Temperature on Friction

In genersl, friction decreased when elther sliding velocity or
ambient temperature was increased. Figure 2(a) gives the friction co-
efficients of bonded PbO at three temperatures for sliding velocities
in the medium-to-high speed range. Figure 2(b) gives the friction
coefficients of bonded Pb0 at various temperatures in the low-to-medium
speed range. In order to facilitate discussion, the data in these
figures are summerized in filgure 3, where frictlon is plotted sgainst
tempersture for a number of different sliding velocitlies. The family
of constant velocity curves was obtained as a series of cross plots
through the faired-in isothermal curves of flgure 2. Figure 3 illus-
trates that, at a very low sliding velocity (6 f£t/min), friction de-
creased almost linearly with increased ambilent temperature. At any
given sliding velocity from 300 to 1200 feet per minute, & considersgble
decrease in friction was obtained as the ambient temperature was in-
creased from 75° to sbout S00° F; friction was essentially constent from
500° to 1000° F, and e slight increase in friction occurred from 1000°
to 12500 F. Similerly, at any given temperature from 75° to 1250° F,

a considersble decrease in friction was obtained as the sliding veloclty
increased from 6 to 2400 feet per minute. At sliding velocities from
2400 to 10,000 feet per minute, the friction coefficient was very low
(0.05 to 0.08) and was practically insensitive to changes in either
sliding veloclity or ambient temperature.

Effect of Sliding Velocity and Temperature on Endurance Life

In many applications, the endurance life of bonded solid lubricants
is of more practlcal importance than the coefficient of friction. There-
fore, the erdurance characteristics of the PhO coatings were determined.

The bar graphs in figure 4 give the endurance lives at 759, 5009,
1000°, and 1250° F with sliding velocities of 350 and 2400 feet per
minmute. In these tests, the surfaces were run 1n at gradually increased
loads during the first 10 minutes of esach experiment. At a given smbient
temperature, the endurance life (expressed a&s cycles to fallure) was
somewhat longer at the lower sliding velocity. Flgure 4 indicates, how-
ever, that amblent temperature generally had more effect than sliding
velocity on the cyclic endurance life. The poorest endurance life was
obtained at 75° F. As the embient temperature wes increased, the endur-
ance life increassed and approached a maximum at around 1000° F, and then
decreased somewhat at 1250° F. The maximum ambient temperature at which
the coatings should be used is 1250° F; this 1imit is necessary because
the coating material begins to melt at about 1320° F.
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Effect of Run-in on Endurance Life

Figure 5 1llustrates the effect of run-in on the endurance life of
bonded.PbO coatings at 75° and 500° F with a sliding velocity of 350 feet
per minute. For reference, the endurance-life wvalues for bonded molyb-
denum disulfide (MoSp) coatings, which were run under identical conditions
a8 a standard, are also shown. Run-in at gradually incressed loeds did
not improve the endurence life of the PbO codtings. Bonded MoS; coatings,
on the other hand, appeared to be semnsitive to the rate of initial load-
ing. At 75° F, run-in of the MoSp coatings greatly improved endurance -
life but, at 500° F, the improvement was slight.

LT8Y

At room temperature, the endurance life of Pb0O coatings was approxi-
mately equal to that of MoSs coatings which had not been initially run
in at light loads. At 500° F, the endurance of Pb0O coatings was superiar,
regardliess of the loading rate. At 1000° and 1250° F, no comparilsons
were made because of the chemical instebility of MoS; at these
temperatures.

DISCUSSION OF RESULTS

Chenges in sllding velocity generally had a more pronounced effect -
on the coefficient of friction than op the cyclic endurance life of the
PbO coatings. Increasing the sliding veloclities resulted in some decrease
in endurance life but haed a very benefilicial effect in lowering the

friction.

The low friction assoclated with high sliding velocity is probably
attributeble to the higher surface temperatures generated at high speeds.
High surface temperatures favor the formation of glazes on the sliding
surfaces. Glazes are essentially noncrystalline in efructure; therefore,
they become quite soft over a considerable temperature range below the
melting point of the corresponding crystalline material. Within the tem-
rerature range for softening, a glaze under stress flows plastically or
viscously. The higher the temperature within this range, the lower 1is
the shear stremgth (viscosity) and, thus, the friction. Since the thermal
conductivity of ceramics 1s very low, most of the frictional heat will be
confined to the surface, while the bulk of the coating will be essentially
at ambient temperature. Friction is dependent on surface phenomena in-
fluencing interfaclal shear; therefore, it—1s not surprieing that it should
be affected by increases 1n surface {emperature accompanying Increased

sliding velocity.

Because cyclic endurance life is more dependent on smbient tempera- -
ture than on sliding velocity, endurance 1s spparently determined pri-
marlily by subsurface or bulk properties of the coating. With the

e SN



]

4817

NACA RM ES8BI1 ] 7

particular specimen configurstions used in these experiments (hemisphere
sgainst flat coated surfaces), each cycle was essentially a stress cycle
over every particle of the coeting in the sl1iding zone. This suggests
that the cheracteristice of the coating that determine endurance life ere
properties such as the bond strength through the ceramic-metal tremsition

layer.

Comparison of the effects of run-in on the FbO coatings and the
reference MoSs coatings should be of interest. The observation that the
life of bonded MoS, is improved by careful run-in egrees with reports
in the literature (refs. 5 to 7) concerning orientation of MoSs; crystals.
Careful preliminary running at moderate loads allows time for the orien-
tation of MoSz2 crystals prior to the application of high loads. A con-
siderable number of cycles may be required to strongly orient MoSz held
in a resinous matrix. Properly oriented crystals will have the low-
shear-strength planes parallel to the direction of sliding, and the
high-shear-strength planes will usually be parallel to the direction of
loading. Such an orlentation may impsrt good compressive strength and
thereby improve endurance life. Since Pb0O coatings were practically
uneffected by the loading rate, crystal orientation does not appear to
be & factor in determining the £ilm strength. This is to be expected
because the actual lubricant is an smorphous glaze with completely iso-
tropic properties. :

A further contrast between MoS; and PbO cosatings was observed. With
MoSg lubricetion, the coefficient of friction decreases with incressing
load (refs. 8 and 9). The PbO coatings showed no significant variation
in the coefficient of friction as the load was lncreased from 200 to
2000 grams guring the run-in prior to endurance tests.

Lead monoxide coatings provided excellent lubrication from S00°
to 1250° F at moderate-to-high sliding velocities {300 to 10,000
ft/min), and from 1000° to 1250° F at low sliding velocities (6 £t/min).
Because of very good friction properties, good endurance properties,
and esse of application, MoSg coatings were excellent at temperatures

up to about 5000 F.

SUMMARY OF RESULTS

Friction and enduraence experiments with solid lubricant coatings
gave the following results:

1. Bonded lead monoxide (Pb0O) coatings were shown to be useful as
low-friction beering surfaeces over a wide range of temperatures snd
sliding velocities. A downward trend in friction was cobtained when
elther temperature or sliding velocity was increased. This trend applied
up to the maximum useful ambient temperature of 1250° F and up to the
maximm velocity studied (10,000 £t/min).
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2. Endurance life increased with increasing temperature up to a
meximum at sbout 1000° F and then decreased somewhat at 1250° F.

3. Run-in of the sliding surfaces at graduslly increased loads did
not appear to have any beneficial effect on the endurance of PbO coatings.
On the other hand, the endurance life of the particular resin-bonded
molybdenum disulfide (MoSp) coatings used as a standard in this investi-
getion wes Improved by run-in. At room temperature, the endurance life
of the PbO coatings was ebout the seme as that of resin-bonded MoSs

coatings thet had not been run in. At 500° F, endurance of the FbO coat-
ings wes superior to that of MoSy, regerdiess of the run-in procedure.

4. Bonded Pb0O coatings are intended primarily for high-temperature
applications. High friction was obtained at room temperature, except
at sliding velocities in excess of 1000 feet per minute. However, the
reasongble endurance life at room temperature indicated that the coatings
can be useful 1n many high-temperature applications that reguire starting
at, or cycling through, room temperature.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Chlo, February 17, 1958
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Flgure 1. - Apparatus for all endurance tests and for friction tests at T
medium sliding veloclties of 300 to 2400 feet per minute.
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(8) Medium-to-high sliding velocities.
Figure 2, - Friction coefficilent of bonded lead monoxide coatings at
various sllding velocities., Ioad, 1000 grams; rider, cast Inconel

hemisphere (3/16-in. rad.); coatings, 0.00L inch thick on type
440-C stainleas-steel Alsks.
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Figure 2. - Concluded. Friction coefficient of bonded lead monoxide

coatings at various sliding velocities.

cast Inconel hemisphere (3/16-in. read. ) coatings
on type 440-C stainless-steel disks.

Load, 1000 grams; rider,

0.00L inch thick
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Figure 4. - Effect .of amblent temperature and sliding velocity on endur-
snce of bonded lead monoxide base coatings after run-in. Test load,
2000 grams; rider, cast Inconel hemisphere (3/16-in. red.); coslings,
0.001 inch thick on type 440-C stainless-steel disks.
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Figure 5. - Effect of run-in on endurance of leed monoxide costings af
75° and 500° F with reference to standard, bonded molybdenum disulfide
coatings (cycles during run-in not included in lines shown). Test load,
2000 grams; rider, caest Incornel (3/16-in. red.)}; sliding velocity,
350 feet per minute; coatings, 0.001 Inch thick on type 440-C stainless-

steel disks.

NACA - Langley Fleid, Va.
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